Abstract-Given the increasing asset age of the medium voltage distribution network, more failures are being observed. The ability to understand the source or mechanism of a particular defect plays an important role in facilitating a more effective diagnostic replacement strategy. This paper investigates the cause of failure in a medium-voltage EPR-insulated underground cable. The cable was taken out of service after breakdown occurred. After a 40 m section was removed for more accurate lab-based analysis, the fault location was pinpointed to within a few centimeters and confirmed as a shunt resistance fault between the core and sheath. This investigation is concerned with a study of observed particle contamination in the EPR layer as it relates to the observed breakdown in the cable. Geometric details of the surrounding dielectric have been acquired using 3-dimensional X-ray computed tomography techniques. This has revealed details of numerous high-density particles contaminating the dielectric medium. The average particle diameter was around 100 μm. To investigate the effect on cable breakdown, the electric field distribution in the region between the core and sheath has been modeled in the presence of contaminating particles using finite element techniques. The field was also modeled in the presence of an observed eccentricity of the core. Electric field variation due to core eccentricity was less severe than that due to particle contamination but slightly increases electric field intensity. It is hypothesized that the particle contamination resulted in a localised electric field sufficient to initiate partial discharge, leading to localised degradation and eventual breakdown.
INTRODUCTION
The medium voltage distribution network relies on a vast number of interconnecting underground cables, especially in densely populated and industrial areas and installations. The integrity of such networks is becoming an area of increasing concern since many cables are approaching the end of their operational design life [1, 2] . For this reason network operators are increasingly adopting condition monitoring strategies to optimise maintenance operations and replacement schedules and minimise the cost of failure [3] [4] [5] . Partial discharge (PD) monitoring is an effective strategy to facilitate diagnosis of incipient faults and allow replacement before a catastrophic failure occurs. Sensor installation and monitoring can be achieved on-line by clamping high frequency current transformers (HFCTs) around earth straps at the respective cable ends and using time-of flight location along with monitoring software to locate the defect. However, in the majority of cable installations, continuous monitoring of PD is not applied due to the initial economic outlay. In this case, incipient faults can go unnoticed for a number of years and deteriorate the insulation to the point where breakdown occurs, precluding location methods based on PD. Post-fault location techniques must then be applied [6] . Although not desirable from the network operators' perspective, cable failure presents an interesting research opportunity in the investigation and diagnosis of the underlying cause of the failure. This paper presents part of such an investigation. The observed breakdown is suspected to be the result of a manufacturing defect. The following sections will present background information on the cable as well as simulation results showing the electric field levels in the cable's insulation layer in the presence of various particle positions and cable topologies.
II. BACKGROUND

A. Cable sample
The cable under investigation is single-phase 11 kV EPRinsulated underground cable, manufactured in 1983 and taken out of service in 2009 due to breakdown of the EPR layer between the sheath and core. The cable was manufactured by BICC and complies with the BS6622 British Standard. The cable has a single-core, stranded, compacted aluminium core, EPR insulation, strippable semiconducting screen, copper tape screen, PVC bedding, aluminium wire armour and a PVC overshearth with reduced flame propagation characteristics. The dimensions and layers are illustrated in Fig. 1 . 
B. Defect location
The authors have previously described laboratory based defect location on the cable sample under consideration [7] . Time-difference-of-arrival (TDOA) location and thermal imaging were successfully applied to pinpoint the defect to within a few cm. Stripping the cable down to the insulation layer revealed physical evidence of a breakdown channel between sheath and core, confirming the suspected location.
C. Non-destructive testing
This was applied to further investigate the geometric characteristics and properties of the breakdown channel and surrounding material, while leaving the section physically unaltered. Initially, a 2D ultrasonic array was used. However, it was found that this method provided insufficient spatial resolution to examine the section in the desired detail. 3D Xray computed tomography was therefore applied. To allow Xrays to penetrate the EPR layer, the conducting outer sheath, armour, outer conductor and outer semiconductor were removed.
Many factors have to be considered when determining the feasibility of X-ray scans, most notably the choice of appropriate X-ray filter material. Initial tests were carried out on a 15 cm long section removed from a point around 2 metres from the breakdown region. On examination of the X-ray cross-section of Firstly, eccentricity is apparent between the inner and outer conductors, leading to a reduced distance between sheath and core and an increased electric field concentration on one side of the cable. It is likely that this is a manufacturing inaccuracy introduced during the extrusion process. Secondly, a number of high density particles are embedded in the EPR layer. One such particle is highlighted in Fig. 2 . It can be seen that the particle density is the same as that of the aluminium conductor, suggesting that it is composed of the same material. Particle diameters are in the region of 100 μm. It is hypothesized that a combination of the observed eccentricity and conducting particle contamination produced an electric field concentration sufficient to initiate PD, eventually leading to the formation of a conducting channel through the EPR between core and sheath. To investigate this issue, the electric field distribution was analysed using a finite-element model. This analysis is described in the following section.
III. FEA SIMULATION Initially, the electric field variation from core to sheath was determined in the presence of a single 100 μm conducting particle. The 3-dimensional geometry was constructed and the simulation repeated with and without the observed core eccentricity (1 mm offset between core and sheath central axes). Secondly, a parametric simulation was carried out, varying the particle position within the EPR layer in order to investigate the corresponding variation in peak electric field. Results should indicate whether a greater risk of breakdown is inherent in certain combinations of particle position and cable configuration.
For the described simulations, a number of assumptions were made. These are as follows:
− Particle dimensions: It was assumed that particles had a circular cross-section with a diameter of 100 μm. − Particle material: Based on X-ray evidence, particles are assumed to be aluminium, appearing to have the same density as the aluminium centre conductor. − Material properties: These are shown in Table 1 .
Values are assumed constant since only the effects of a low frequency applied voltage were considered. It was necessary to remove a small sample of semiconductor and analyse the conductivity and relative permittivity using a dielectric spectroscopy system (Novocontrol BDC-5 dielectric converter and a Solartron 1260 impedance analyser). Fig. 3 shows the measured variation in semiconductor properties with frequency. EPR properties are available in the literature [8] [9] [10] . Although variations occur depending on the cable sample, the permittivity and conductivity are generally in the range shown and were confirmed by connecting the sample to a network analyser as a lumped element and analysing its impedance. Fig . 4 shows the electric field intensity in the EPR layer in the presence of a 100 μm diameter particle. Four such simulations were carried out; with and without the particle present, and with and without eccentricity of the core and sheath. Core eccentricity was set equal to that observed in the defective cable sample, with the core offset by 1 mm relative to the central axis of the sheath. For simulations involving an eccentric core, the electric field was examined in the region of the smallest insulation gap. Fig. 5 plots the electric field magnitude vs. radial distance between core and sheath for each of these four scenarios. In these cases, the particle was centered on a point 1.5 mm from the inner semiconductor.
With no particle contanimation present, the maximum electric field magnitude was, as expected, greater in the case where the inner core is eccentric, having a value of 4.4 kV/mm compared to 3.35 kV/mm for the concentric case. This was due to the reduced gap spacing. The maximum electric field concentration in the presence of particle contamination is increased in the case of a reduced insulation gap due to core eccentricity (13.53 kV/mm compared with 9.52 kV/mm for the concentric case). This indicates that the combination of core eccentricity has a greater effect on cable failure than that of particle contamination alone (assuming particle contamination was the root cause of the breakdown). In each of the above simulations, an arbitrary particle position was used. Since particles were observed at various radial positions, it is desirable to determine the variation in maximum electric field with particle position. Several simulations were therefore run for both eccentric and concentric cable configurations, varying the particle position as a parameter for three increments of particle distance from the inner core. The results are shown in Table. 2. It is clear that an increase in maximum electric field occurs as the particle approaches the inner conductor. It can also be seen that for the concentric cable geometry, lower electric fields exist for all particle positions. [11] [12] [13] [14] , with the probability of breakdown increasing with temperature, ageing time and moisture content. Breakdown strength for EPR has been reported to reduce to around 20 kV/mm for ageing times over 11000 hours and with a moisture content of around 1.4 % and greater [11] . Simulation results show a conservative estimate of localised field, since the particle is assumed perfectly spherical. It is likely that sharp and uneven particle geometries will increase field concentration. It is therefore hypothesized that localised breakdown is likely to have occurred in the region of the particle with an increasing probability of breakdown as the particle approaches the inner conductor. Since the cable remained operational for around 26 years, gradual localised degradation may have eventually led to a reduction in breakdown strength and eventually complete cable failure. This may have been accelerated by recent moisture ingress. To confirm this latter hypothesis, more investigation is needed. In addition, scanning electron microscopy will be carried out to show the particle geometry in more detail.
Confirming the validity of a number of assumptions in the model will allow a greater degree of confidence in the diagnosis. For example, although the observed particles have the same density as aluminium, this is no guarantee that they have the same chemical composition. Future studies using scanning electron microscopy and energy-dispersive X-ray measurements will be carried out to allow analysis of the elemental composition of the particles and insulation, facilitating a more accurate diagnosis. Additionally, the resolution of the reported X-ray measurements was limited by the minimum distance the cable sample can be placed next to the X-ray source (this is analogous to placing an object in front of a lamp; the closer to the lamp, the more detailed the projected shadow). Future X-ray analysis of a smaller section of insulation will allow the defective region to be examined with much greater spatial resolution.
V. CONCLUSIONS
Analysis of the insulation region surrounding a breakdown channel in an 11 kV EPR cable has revealed the presence of a number of conducting particles. FEA simulation has shown that localised breakdown is likely to have occurred due to electric field enhancement in the region of the particles, while the observed eccentricity of the inner conductor had an additional influence on increasing the maximum electric field due to the resultant decrease in gap spacing on one side of the cable. The presence of the conducting particle increased the maximum electric field in the cable by around 10 kV/mm when the particle was positioned close to the inner conductor. Further investigations are required to gain more information on the elemental composition of the particles and geometry of the breakdown region.
